Shelterin component TRF2 prevents ATM activation, while POT1 represses ATR signalling at telomeres. Here, we investigate the mechanism of G2/M arrest triggered by telomeres uncapped through TRF2 or POT1 inhibition in human cells. We find that telomere damage-activated ATR and ATM phosphorylate p53, as well as CHK1 and CHK2, thus activating two independent pathways to prevent progression into mitosis with uncapped telomeres. Surprisingly, telomere damage targets the CDC25C phosphatase for proteasome degradation in G2/M. CHK1/ CHK2-dependent phosphorylation of CDC25C at Ser 216 is required for CDC25C nuclear export and destruction, which in turn acts to sustain the G2/M arrest elicited by TRF2-or POT1-depleted telomeres. In addition, CDC25C is transcriptionally downregulated by p53 in response to telomere damage. These mechanisms are distinct from the canonical DNA damage response to ionizing radiation, which triggers cell-cycle arrest through CDC25A destruction. Thus, dysfunctional telomeres promote ATM/ATRdependent degradation of CDC25C phosphatase to block mitotic entry, thereby preventing telomere dysfunctiondriven genomic instability.
Introduction
Telomere uncapping occurs in senescent cells due to erosion of telomeric repeats or in normally growing cells due to loss of telomere protective factors (di Fagagna et al, 2003; Takai et al, 2003) . This leads to checkpoint activation and telomeric accumulation of DNA damage response factors (e.g., phosphorylated histone H2AX (gH2AX), phosphorylated ATM, 53BP1) into microscopically defined telomeredysfunction induced foci (TIFs; di Fagagna et al, 2003; Takai et al, 2003) . Downstream signalling pathways then engage the DNA repair machinery to join unprotected telomeres into deleterious end-to-end fusions, which can lead to cell-cycle arrest or cell death. Thus, the signal emanating from dysfunctional telomeres resembles that triggered by unrepaired double-strand breaks (DSBs).
CHK1 and CHK2 kinases are key signal transducers within the network of genome integrity checkpoints . Following exposure to ionizing radiation (IR), ATM signalling initiates resection, which generates the singlestranded DNA substrate for replication protein A (RPA) loading. This, in turn, promotes ATR activation required for CHK1 phosphorylation (Cuadrado et al, 2006; Jazayeri et al, 2006) . CHK2 is phosphorylated in an ATM-and NBS1-dependent manner Buscemi et al, 2001 ) to trigger its activation. Thereafter, CHK1 and CHK2 initiate additional phosphorylation events to complete signalling to cell-cycle effectors. During G2/M, the roles of CHK1 and CHK2 converge to phosphorylate and inactivate CDC25A and CDC25C, two members of the CDC25 dual specificity phosphatase family, with roles in driving cells through the cell cycle Kastan and Bartek, 2004) . These enzymes remove crucial inhibitory phosphorylations on CDK/cyclin complexes, the most important being dephosphorylation of Tyr15 in the ATP-binding loop of CDK1(CDC2) and CDK2 (Reinhardt and Yaffe, 2009 ).
CHK1-mediated phosphorylation of CDC25A at multiple sites is required for IR-induced G2/M checkpoint activation (Bartek and Lukas, 2007) . Importantly, CHK1 phosphorylation of CDC25A at Ser76 promotes its SCF b-TRCP -dependent ubiquitylation and subsequent degradation by the proteasome (Busino et al, 2003) . Similarly, CHK2 can phosphorylate CDC25A and CDC25C in response to DNA damage to induce G2/M cell-cycle arrest, as well as p53-dependent apoptosis (Ahn et al, 2004; Kastan and Bartek, 2004) . CHK2 lacks the ability to phosphorylate CDC25A at Ser76 (Jin et al, 2008) or trigger its degradation, however, it phosphorylates CDC25C at Ser216 (Matsuoka et al, 1998) to facilitate the binding of 14-3-3 proteins which retain CDC25C in the cytoplasm (Peng et al, 1997) . So far, CDC25C ubiquitylation and proteasome-dependent degradation was only reported as a mechanism of G2/M arrest in response to arsenite exposure (Chen et al, 2002) . Exposure to DNA damage activates p53 through ATM/ATRdependent phosphorylation, which further inhibits cell-cycle progression through induction of CDK inhibitor p21 (Vousden and Prives, 2009 ). CHK2 checkpoint kinase also phosphorylates p53 leading to its stabilization and checkpoint activation (Chehab et al, 2000) . In addition, the p53/p21 DNA damage response pathway plays a key role in monitoring telomere integrity at the G2/M transition during unchallenged cell proliferation. Telomeres become transiently uncapped following their replication in S phase and the ensuing p53/p21 activation arrests cell-cycle progression to allow re-assembly of protective structures . This mechanism prevents entry into mitosis when telomeres are exposed and resemble unrepaired DSBs.
Shelterin, a complex of six proteins (TRF1, TRF2, RAP1, TPP1, POT1 and TIN2) in mammalian cells, protects chromosome ends against degradation and fusion. The telomerespecific factor TRF2 acts together with TRF1 to anchor the shelterin complex onto the telomeric double-stranded DNA and plays a key role in telomere protection (Palm and de Lange, 2008) . POT1, also a shelterin component, binds with sequence specificity to the single-stranded telomeric DNA and prevents deleterious checkpoint activation. In mouse embryonic fibroblasts (MEFs), telomeres artificially uncapped by conditional Trf2 deletion elicit an ATMdependent DNA damage response leading to nonhomologous end-joining of dysfunctional telomeres (Celli and de Lange, 2005) . In a similar system, Pot1 gene inactivation triggered ATR-dependent signalling, which also promotes end-to-end fusions (Hockemeyer et al, 2006; Wu et al, 2006; Denchi and de Lange, 2007; Guo et al, 2007) .
Here, we used human cells to demonstrate that during the G2/M transition TRF2-or POT1-depleted telomeres trigger either ATM/ATR-dependent p53 Ser15 phosphorylation or activation of CHK1/CHK2 checkpoint kinases. Both pathways converge to downregulate expression of CDC25C phosphatase, thus inhibiting CDK activity and preventing progression into mitosis in the presence of dysfunctional telomeres. Most unexpectedly, proteasome-mediated destruction of CDC25C is a key event in the response to uncapped telomeres, not required for the response to IR-induced DNA damage. CHK1/ CHK2-dependent CDC25C phosphorylation at Ser216 destabilizes CDC25C by promoting its nuclear export and targeting it to the proteasome. This blocks mitotic entry in the presence of uncapped telomeres, thereby preventing end fusions deleterious for genome integrity.
Results

p53 prevents mitotic entry when telomeres become uncapped through loss of POT1 or TRF2
We have recently demonstrated that the p53/p21 pathway is required to prevent entry into mitosis when telomeres are artificially uncapped by inhibition of shelterin component TRF2 . In human U2OS cells synchronized by double-thymidine block and release, TRF2 depletion triggered ATM/ATR-dependent phosphorylation of p53 at Ser15 and concomitant induction of p21, specifically at the G2/M transition. To address whether inactivation of other shelterin components in synchronized human cells triggers similar p53-dependent responses, we used siRNA-mediated depletion of POT1, a shelterin component which binds specifically to single-stranded telomeric DNA, thus suppressing ATR-dependent checkpoint responses (Palm and de Lange, 2008) . Telomeres lacking POT1 elicited ATM/ ATR-dependent p53 phosphorylation at Ser15 and an increase in p21 expression ( Figure 1A ), similarly to TRF2 inhibition. This response occurred in POT1-depleted cells between 9 and 11 h after double-thymidine block release when a significant proportion of cells were in G2/M as evaluated by FACS analyses of DNA content (Supplementary Figure S1) . This suggested that signalling pathways activated through TRF2 or POT1 inhibition converge to activate p53 and control mitotic entry.
TRF2 prevents ATM activation, while POT1 represses the ATR kinase (Palm and de Lange, 2008) . To directly address whether p53 acts as an effector of both ATM-and ATRdependent pathways in response to telomere damage, we monitored mitotic onset by measuring mitosis-specific phosphorylation of histone H3 at Ser 10 in cells lacking TRF2 or POT1. In human U2OS cells with an intact p53 pathway (Stott et al, 1998) , we abrogated telomere capping by depleting either TRF2 or POT1, alone or in conjunction with p53 ( Figure 1B) . Inhibition of POT1 expression was monitored using real-time RT-PCR with POT1-specific primers, 24 h after siRNA treatment (Supplementary Figure  S2A) . Cell progression into mitosis was determined 10 h after release from a double-thymidine block, when cells were synchronized at the G2/M transition (Supplementary Figure S1 ). Inhibition of TRF2 or POT1 expression using siRNA significantly limited the ability to enter mitosis of U2OS cells with functional p53 ( Figure 1C ). Upon siRNA depletion of p53, both TRF2-and POT1-depleted cells entered mitosis at a slightly higher rate than GFP siRNA-treated control cells. This indicates that both types of telomere damage known to activate either ATM-or ATR-dependent responses, also triggered p53-dependent G2/M arrest. In the same cells, we quantified TIF formation by monitoring gH2AX colocalization with the telomeric FISH signal ( Figure 1D ). The level of mitotic TIFs increased significantly upon co-depletion of p53 with either TRF2 or POT1 ( Figure 1E ), consistent with p53 playing a central role in the surveillance of telomere capping reactions at the G2/M transition. TIF quantification upon single POT1 or TRF2 depletion in U2OS cells proved not feasible due to the low numbers of metaphases generated. It was previously shown, however, that inactivation of shelterin components in p53-deficient mouse and human cells triggers high levels of mitotic TIFs (Martinez et al, 2009; Tejera et al, 2010; Thanasoula et al, 2010) .
Uncapped telomeres trigger G2/M arrest through ATM/ATR-dependent p53 Ser15 phosphorylation
The mitotic entry block triggered by uncapped telomeres requires functional p53. We found that ATM/ATR-dependent p53 phosphorylation at Ser15 increased specifically during the G2/M transition. Thus, we tested whether inhibition of the ATM and ATR kinases could enable mitotic entry in cells with telomeres uncapped through loss of TRF2 or POT1, similarly to p53 inactivation. We treated POT1-or TRF2-depleted U2OS cells synchronized at the G2/M transition with the ATM inhibitor Ku55933 (Hickson et al, 2004) or ATR inhibitor ETP-46464 (Toledo et al, 2011;  Figure 2A ). POT1 depletion induced specifically Ser345 CHK1 phosphorylation, while TRF2 inactivation elicited robust CHK2 phosphorylation at Thr68 and weak CHK1 phosphorylation at Ser345. Depletion of TRF2 or POT1 led to p53 Ser15 and H2AX phosphorylation, which was diminished in the presence of ATM and ATR inhibitors. When used individually, each of the ATM and ATR inhibitors abolished phosphorylation of CHK1 in response to telomere damage, suggestive of a relatively low specificity of these inhibitors for the corre-sponding kinases. Alternatively, chemical inhibition of ATM elicits ATR inactivation and loss of CHK1 phosphorylation, consistent with existing models of ATM and ATR acting sequentially in response to DSBs inflicted during S phase (Garcia-Muse and Boulton, 2005; Cuadrado et al, 2006; Jazayeri et al, 2006) .
The G2/M arrest in TRF2 or POT1 siRNA-treated cells monitored with phospho-histone H3 staining was efficiently abrogated by treatment with Ku55933, ETP-46464 ( Figure 2B ) or caffeine (Supplementary Figure S2B and C), the latter known to compromise both ATM and ATR signalling. This suggests that both kinases are required to sustain the G2/M arrest in response to damaged telomeres. The low rate of mitotic entry following POT1 depletion was rescued by treatment with ATM inhibitor, reflecting activation of this kinase in POT1-deficient cells either directly through telomere uncapping or through accumulation of secondary intra-chromosomal DNA damage.
Both ATR and ATM kinases can phosphorylate p53 at Ser15 in response to DNA damage (Canman et al, 1998; Tibbetts et al, 1999) . We detected the same phosphorylation event in response to telomere dysfunction triggered by loss of TRF2 or POT1 during the G2/M transition ; Figure 1A ). In addition, p53 can be phosphorylated at Ser20 by the CHK1 and CHK2 checkpoint kinases in response to DNA damage (Chehab et al, 2000; Hirao et al, 2000; Shieh et al, 2000) . We therefore tested whether mutation of either of these two phosphorylation sites could alter the ability of p53 to mediate the G2/M arrest in response to dysfunctional telomeres. Human SAOS-2 cells lacking p53 function (Stott et al, 1998) were transfected with constructs expressing Ser15Ala and Ser20Ala substitutions of p53, following TRF2 or POT1 siRNA-mediated depletion. Exogenously expressed wild-type or mutant p53 were detected by western blotting in all cells, except for those transfected with vector only ( Figure 2C ). As expected, p53 Ser15 phosphorylation in response to TRF2 depletion was not detectable in cells expressing the Ser15Ala p53 mutant.
We next examined mitotic entry following telomere uncapping through TRF2 and POT1 inhibition. Progression into mitosis was impaired in p53-proficient cells ( Figure 2D ), suggestive of p53-dependent checkpoint activation. The Ser20Ala mutant p53 showed a low rate of mitotic entry similar to wild-type p53, which is consistent with the observed lack of p53 Ser20 phosphorylation in response to telomere dysfunction ( Figure 4A ). In contrast, cells expressing the Ser15Ala mutation, which abrogates ATM/ATRdependent p53 phosphorylation, entered mitosis at a rate similar to that of control, vector-transfected, p53-deficient cells. Ser15Ala mutation also rescued mitotic entry in TRF2-and POT1-depleted WI38(VA13) human cells (Supplementary Figure S3A ), known to lack a functional p53 pathway (Stott et al, 1998 ). These results demonstrate that ATM/ATRdependent phosphorylation of p53 at Ser15, but not CHK1/ CHK2-dependent Ser20 p53 phosphorylation is required for G2/M checkpoint activation in response to telomeres uncapped through TRF2 or POT1 inhibition.
CHK1 and CHK2 prevent mitotic entry with uncapped telomeres during physiological cell-cycle progression
We next addressed whether CHK1 and CHK2 checkpoint kinases, which are phosphorylated in response to artificially uncapped telomeres (Figure 2A ), could also regulate telomere capping reactions prior to entry into mitosis. We thus inhibited CHK1 and CHK2 expression with siRNA in U2OS cells synchronized in G2/M ( Figure 3A ) and monitored the frequency of uncapped telomeres in mitosis using combined IF-FISH staining of mitotic chromosomes ( Figure 3B ). gH2AX labelling of mitotic telomeres is rarely seen in U2OS cells, but it increases significantly upon p53 inhibition . Similarly, we found that the number of gH2AX-labelled telomeres in mitotic U2OS cells lacking CHK1 or CHK2 is higher than in control cells ( Figure 3C ). This effect was however milder than the one caused by p53 abrogation, even when CHK1 and CHK2 are concomitantly depleted. In particular, CHK1-defficient cells show robust p53 Ser15 phosphorylation and p21 induction in G2/M ( Figure 3A ), suggesting that mitotic entry in these cells is primarily p53 dependent. We conclude that, in addition to p53, the checkpoint kinases CHK1 and CHK2 act to arrest proliferation and facilitate successful assembly of telomere capping structures before entry into mitosis.
CHK1 and CHK2 mediate the G2/M DNA damage response emanating from POT1-or TRF2-depleted telomeres
Conditional deletion of Trf2 gene in MEFs triggers ATMdependent CHK2 phosphorylation, while inactivation of Pot1 induces ATR-dependent CHK1 phosphorylation (Denchi and de Lange, 2007) . This led to the conclusion that TRF2 inhibits ATM and POT1 inhibits ATR-dependent signalling at mouse telomeres. Whether similar responses occur in human cells is unknown. Importantly, the assumption that human and mouse telomeres are structurally and functionally identical has been recently challenged with the discovery that mouse telomeres have two functionally distinct POT1 proteins, POT1a and POT1b. While combining features of both mouse proteins, human POT1 cannot compensate for the concomitant loss of Pot1a and Pot1b genes in mouse ( CDC25C downregulation through telomere uncapping M Thanasoula et al clear evolutionary divergence in shelterin composition and function from rodent to human telomeres. Thus, we addressed whether the G2/M DNA damage response emanating from human telomeres uncapped through TRF2 or POT1 inhibition is similar to the one in mouse.
In human cells synchronized at the G2/M transition, we found that TRF2 depletion led to phosphorylation of CHK2 at Thr68, while POT1 depletion induced CHK1 phosphorylation at Ser317 ( Figure 4A ). To directly address the ability of CHK1 and CHK2 to signal telomere damage and delay mitotic entry in the presence of artificially uncapped telomeres, we abrogated TRF2 and POT1 expression, alone, or in conjunction with CHK1 and CHK2 in human U2OS cells ( Figure 4B ). The ability to enter mitosis was measured through phosphohistone H3 immunostaining ( Figure 4C ), following doublethymidine block and release in fresh media for 10 h. Control GFP siRNA-treated U2OS cells exposed to 10 Gy of IR were efficiently arrested at the G2/M transition. While loss of TRF2 or POT1 expression in human U2OS cells impaired entry into mitosis, cell-cycle progression was restored efficiently by co-depletion of TRF2 together with CHK2, as well as of POT1 together with CHK1. Similar abrogation of the G2/M arrest was observed in POT1-depleted cells treated with CHK1 inhibitors UCN-01 and GÖ 6976 (Supplementary Figure S3B) . Treatment with these inhibitors led to an increase in CDC25A levels (Supplementary Figure S3C) , as previously reported Beck et al, 2010) . To further explore the G2/M response to telomere uncapping, we measured TIF levels in TRF2-or POT1-depleted cells. TIFs occurred at high frequency in TRF2/CHK2 and POT1/CHK1 doubledepleted mitotic cells ( Figure 4D ), reflecting abrogation of the G2/M checkpoint through CHK1 and CHK2 inhibition and progression into mitosis in the presence of damaged telomeres.
CHK1 and CHK2 promote G2/M arrest in response to uncapped telomeres through proteasome-mediated degradation of CDC25A and CDC25C phosphatases During unchallenged cell proliferation, CDC25 phosphatases dephosphorylate CDK1(CDC2) and CDK2, which activates them and promotes G2/M transition. Upon exposure to DNA damaging agents, activated CHK1 and CHK2 phosphorylate and destabilize CDC25A and CDC25C to induce cellcycle arrest . To address whether CHK1 and CHK2 could act similarly to prevent mitotic entry in response to uncapped telomeres, we monitored CDC25A and CDC25C levels in human cells synchronized at the G2/M transition. We detected both phosphatases in control cells transfected with GFP siRNA in G2/M ( Figure 5A and B). Most unexpectedly, inhibition of TRF2 significantly reduced CDC25C levels, while CDC25A levels remained unchanged ( Figure 5A ). Consistent with the proliferation arrest in these cells being rescued by CHK2 inactivation ( Figure 4C ), we found that CDC25C levels were restored when CHK2, and to a lesser extent CHK1, was abrogated in TRF2-depleted cells. CDC25C was not downregulated by exposure to 10 Gy of IR, unlike CDC25A expression which was significantly reduced ( Figure 5C ; Supplementary Figure S3D ), as previously reported Melixetian et al, 2009 ). POT1 inhibition led to a decrease in CDC25A and CDC25C levels ( Figure 5B ), which were restored efficiently by concomitant treatment with CHK1 siRNA. Cyclin B expression decreased in both POT1 and TRF2-deficient cells, consistent with their impaired progression into mitosis. These results support the concept that telomere uncapping through TRF2 or POT1 inhibition triggers cell-cycle arrest through ATM/CHK2-or ATR/CHK1-dependent signalling, leading to degradation of CDC25A and CDC25C phosphatases.
TRF2 inhibition triggers global genomic instability through breakage-fusion bridge cycles. Therefore, the unexpected CDC25C downregulation through telomere uncapping M Thanasoula et al observation that CDC25A levels remain unaffected in TRF2-depleted cells raised the possibility that CDC25A stability is controlled by cell-cycle progression. To test this hypothesis, we synchronized TRF2-depleted U2OS cells in S and G2/M stages of the cell cycle (Supplementary Figure S3D) . While CDC25A levels were unaffected in G2/M, cells in S phase showed a decrease in CDC25A expression in response to TRF2 depletion. CDC25C levels were decreased in S, while its expression was not detectable in G2/M. CDC25A downregulation in response to IR was observed in both S and G2/M, while CDC25C levels remained unchanged after IR exposure in both stages of the cell cycle. We therefore concluded that the response to TRF2-depleted telomeres is distinct from that triggered by intra-chromosomal breaks during the G2/M transition in that it requires specifically CDC25C, but not CDC25A, destruction. CDC25A and CDC25C degradation occurs through the ubiquitin-proteasome pathway (Chen et al, 2002; Melixetian et al, 2009) . To test the possibility that this pathway becomes active upon telomere uncapping, we treated TRF2-and POT1-depleted U2OS cells synchronized at the G2/M transition with the proteasome inhibitor MG132. This treatment led to stabilization of CDC25A and CDC25C, as well as of cyclin B in these cells ( Figure 5C ). Importantly, CDC2 Tyr15 phosphorylation was detected when CDC25C expression was abrogated by TRF2 or POT1 depletion, although CDC25A expression remained unchanged. This indicates that CDC2 is the main target of CDC25C during G2/M transition in these cells.
Inhibiting protein degradation with MG132 reversed the mitotic entry block in cells with uncapped telomeres ( Figure 5D ). As a control, cells treated concomitantly with MG132 and colcemid did not show a different mitotic entry rate to those treated with MG132 alone, suggesting that under conditions used here mitotic progression does not occur at sufficiently high rates to justify additional mitosis trapping. In addition, telomerase-proficient HCT116 cells (Potts and Yu, 2007) showed CDC25C degradation (Supplementary Figure  S4A) and G2/M arrest (Supplementary Figure S4B) in response to telomere damage, both reversed by MG132 treatment. Similarly to the response in U2OS cells, IR-induced DNA damage did not alter CDC25C levels in HCT116 cells. Targeting TRF2 with esiRNA recapitulated the proteasomemediated CDC25C destruction observed with TRF2 siRNA (Supplementary Figure S4C) . Importantly, TRF2 and POT1 depletion led to CDC25C ubiquitylation detectable upon proteasome inhibition (Supplementary Figure S4D) . This suggests that CDC25C undergoes ubiquitylation reactions in response to telomere damage, which targets it for proteasome-mediated degradation.
It is conceivable, however, that acute DNA damage inflicted through IR exposure triggers a response different from the one induced by chronic telomere uncapping. We therefore examined the response to chronic DNA damage caused by abrogation of homologous recombination activity of RAD51, which in human cells leads to G2/M arrest, accumulation of unrepaired DSBs (data not shown) and ATM activation Proteasome-mediated destruction of CDC25C prevents mitotic entry in the presence of uncapped telomeres. (A, B) U2OS cells transfected with siRNA as shown were grown for 48 h before synchronization by double-thymidine block and release. Cells collected 10 h after release were processed for immunoblotting as indicated. Tubulin was used as a loading control. (C) U2OS cells transfected with TRF2, POT1 or control GFP siRNAs were grown for 48 h before synchronization by double-thymidine block and release in fresh media for 10 h. Proteasome inhibitor (MG132) was added to the media 3 h prior to collection. Cell extracts were prepared and immunoblotted as shown. Extracts from cells exposed to 10 Gy of IR were used as a control for CDC25A degradation. *Non-specific band. (D) U2OS cells treated as in (C) or treated with colcemid in addition to MG132, both added 3 h before collection, were stained with propidium iodide and an antibody against phosphorylated histone H3-Ser 10 and analysed by flow cytometry. N ¼ 10 000 cells were analysed for each sample. Error bars represent s.d. of three independent experiments. P-values were calculated using an unpaired two-tailed t-test. (E) U2OS cells were transfected with wildtype or S216A Flag-tagged CDC25C expression constructs in combination with CDC25C siRNA, 24 h after treatment with TRF2, POT1 or control GFP siRNAs. Twenty-four hours later, cells were synchronized in G2/M by double-thymidine block and release. Cell extracts prepared 10 h after release were immunoblotted as shown. *Non-specific band. (F) U2OS cells treated as in (E) were stained with propidium iodide and an antibody against phosphorylated histone H3-Ser 10 and analysed by flow cytometry. N ¼ 10 000 cells were analysed for each sample. Error bars represent s.d. of at least two independent experiments. P-values were calculated using an unpaired two-tailed t-test. (G) U2OS cells treated as in (C) or (E) were fractionated into nuclear and cytoplasmic extracts and immunoblotted as indicated. Figure source data can be found with the Supplementary data.
CDC25C downregulation through telomere uncapping M Thanasoula et al (Badie et al, 2009) . Unlike TRF2 and POT1, RAD51 depletion from U2OS cells did not promote CDC25C destruction (Supplementary Figure S5A) . Also contrary to the mitotic entry block induced by telomere damage, which is reversed by proteasome inhibition, failure to entry mitosis of cells depleted of RAD51 or treated with IR was not rescued by the MG132 treatment (Supplementary Figure S5B) . The IRmediated G2/M arrest was also unaffected by inhibition of protein degradation. We thus concluded that proteasomemediated degradation of CDC25C is a G2/M response specific to telomere damage and distinct from that triggered by acute IR-induced DNA damage or by chronic DSBs accumulation following abrogation of recombinational repair.
Two distinct pathways downregulate CDC25C in response to telomere dysfunction to prevent progression into mitosis CDC25C phosphorylation at Ser216 is critical for CDC2 inactivation and timing of cell-cycle transitions (Takizawa and Morgan, 2000) . We thus addressed whether this residue is also important for the cellular responses to damaged telomeres. In TRF2-or POT1-depleted U2OS cells, we inhibited CDC25C expression using siRNA and ectopically expressed siRNA-resistant, FLAG-tagged wild-type CDC25C or the Ser216Ala CDC25C mutant ( Figure 5E ; Bulavin et al, 2003) . Ectopically expressed wild-type CDC25C was degraded in response to TRF2 and POT1 inhibition, while Ser216Ala mutant levels did not change. This suggests that Ser216 phosphorylation targets CDC25C for proteasome-mediated degradation. Moreover, the mitotic entry block elicited by TRF2 or POT1 inhibition was maintained in cells in which wild-type CDC25C expression was ectopically restored following siRNA-mediated depletion of endogenous CDC25C ( Figure 5F ). The fraction of cells progressing into mitosis was significantly enhanced by expression of the Ser216Ala CDC25C mutant. Thus, CDC25C is an important downstream target of the CHK2-dependent checkpoint activated by uncapped telomeres at the G2/M transition. G2/M checkpoint activation by DNA damage requires exclusion of CDC25C from the nucleus, achieved through 14-3-3 binding of Ser216-phosphorylated CDC25C (Peng et al, 1997) . To examine the intracellular distribution of CDC25C in response to telomere damage, we performed fractionation of G2/M cellular extracts depleted of TRF2 or POT1, in the presence or absence of proteasome inhibitor ( Figure 5G ). In control GFP siRNA-treated cells, CDC25C is present in the nucleus and is degraded in response to TRF2 or POT1 depletion. Upon inhibition of protein degradation, stabilized CDC25C re-localizes to the cytoplasm, which suggests that nuclear export is required for its proteasomal destruction. Under these conditions, we detect Ser216-phosphorylated CDC25C in the cytoplasm, supporting the concept that cytoplasmic Ser216-phosphorylated CDC25C is targeted for destruction. Importantly, abrogation of CDC25C Ser216 phosphorylation leads to CDC25C accumulation in the nucleus. Thus, checkpoint-dependent Ser216 phosphorylation promotes CDC25C export into the cytoplasm, where it is targeted for proteasome degradation.
Expression of the Ser216Ala CDC25C mutant caused a significant increase in the fraction of cells progressing into mitosis (Figure 5F ), to levels even higher than CHK1 and CHK2 abrogation ( Figure 4C ) or p53 deficiency ( Figure 2D ). This suggests that mechanisms additional to CHK1/CHK2 phosphorylation regulate CDC25C turnover. Human CDC25C gene was identified as a target for transcriptional repression by p53 (St Clair et al, 2004) , raising the possibility that a similar p53-dependent mechanism contributes to CDC25C downregulation in response to uncapped telomeres. To test this hypothesis, we determined CDC25C mRNA levels using real-time RT-PCR in p53-proficient and p53-deficient cells, in which TRF2 was depleted using siRNA ( Figure 6A ). The decrease in CDC25C mRNA levels observed upon TRF2 inhibition in cells with intact p53 was abolished in p53-deficient cells ( Figure 6B ). Consistent with this, CDC25C protein levels were partially restored when TRF2 and p53 were concomitantly depleted ( Figure 6A ). CDC25A protein and mRNA levels remained unchanged in response to TRF2 depletion. These results suggest that CDC25C downregulation, a key event in the G2/M checkpoint response to uncapped telomeres, is controlled through two distinct pathways: proteasome-mediated degradation and p53-dependent transcriptional repression.
Discussion
Ensuring genomic integrity before cells have committed to mitosis is essential for the accurate transmission of genetic material to offspring and to sustain cell proliferation. The CDC25C downregulation through telomere uncapping M Thanasoula et al G2/M checkpoint plays a critical role in preventing cells from entering mitosis and segregating their chromosome in the presence of DNA damage. In addition to spontaneous breaks that arise during DNA replication, uncapped telomeres provide an intrinsic source of DNA damage that can trigger G2/M checkpoint activation. Telomeres become transiently uncapped in every cell cycle, following their replication and elongation during S phase. Reconstitution of telomere protective structures is a stochastic process and a G2/M delay is required to allow recapping of all chromosome ends. We have previously shown that the p53/p21 pathway is required during physiological G2/M transition to delay mitotic entry until telomere protective structures are re-assembled at all chromosome ends . Cells lacking p53 activity progress into mitosis with uncapped telomeres, which are sensed as DNA damage and become rejoined in G1, which could initiate recurring cycles of chromosome instability (Maser and DePinho, 2002) .
p53/p21 and CHK1/CHK2 provide separate pathways to monitor telomere integrity during the G2/M transition In spite of its importance for genome integrity, little is known about the mechanism of G2/M checkpoint activation by uncapped telomeres. Here, we provide evidence that telomere uncapping through depletion of TRF2 or POT1, two key components of the shelterin complex, blocks progression into mitosis through ATM/ATR-dependent phosphorylation of p53, CHK1 and CHK2. These, in turn, prevent activation of the CDC2/cyclin B complex through enhanced transcription of cyclin-dependent kinase inhibitor p21 or downregulation of CDC25 phosphatases ( Figure 6C ). p53 is a key player in the G2/M DNA damage response emanating from uncapped telomeres . The results presented here demonstrate that p53 Ser15, known to undergo ATM/ATR-dependent phosphorylation in response to intra-chromosomal DSBs (Canman et al, 1998; Tibbetts et al, 1999) , is also essential to prevent mitotic entry of cells with telomeres damaged through TRF2 or POT1 depletion. An important implication of these results is that the G2/M response to uncapped telomeres requires ATM and ATR activity. Indeed, chemical inhibition of either of the two phosphoinositide 3 kinases leads to abrogation of the G2/M arrest and premature entry into mitosis in the presence of telomere damage, which ultimately triggers telomere-induced genomic instability.
In this study, we extended the molecular targets of the G2/M checkpoint activated by damaged telomeres to show that CHK1 and CHK2 checkpoint kinases play key roles in preventing mitotic entry in response to uncapped telomeres. CHK1 and CHK2 are differentially activated during G2/M by distinct types of telomere damage. POT1-depleted telomeres elicit an ATR-dependent response and downstream CHK1 phosphorylation, most likely through exposure and excessive production of the G-rich single-stranded telomeric DNA (Hockemeyer et al, 2006; Wu et al, 2006) . Surprisingly, we also detected ATM activation through Ser1981 phosphorylation in response to POT1 depletion, which could be the result of secondary intra-chromosomal DNA damage caused by telomere uncapping, as previously reported in mouse models (Hockemeyer et al, 2006) . Alternatively, exposed singlestranded telomeric DNA could trigger ATM activation, as previously reported for uncapped telomeres that cannot be rejoined in Trf2 À / À LigIV À / À MEFs (Celli and de Lange, 2005) .
We showed that in human cells TRF2 depletion activates ATM and triggers phosphorylation of its specific target, CHK2, similarly to Trf2 deletion in MEFs. In addition, we detected CHK1 phosphorylation, indicative of ATR activation, in TRF2-depleted cells, which reflects ATM-dependent activation of ATR by damaged telomeres, similarly to the response to IR-induced DSBs (Garcia-Muse and Boulton, 2005; Cuadrado et al, 2006; Jazayeri et al, 2006) . The similarity to the canonical DNA damage response is extended by our observation that CHK1 phosphorylation at Ser317 in response to POT1 depletion was efficiently abolished by ATM inhibition, as previously reported for the IR response (Gatei et al, 2003) . Moreover, CHK1 phosphorylation was enhanced in G2/M cells lacking CHK2 and conversely, CHK2 phosphorylation was detectable in cells lacking CHK1, suggestive of compensatory effect and cross-talk between the ATM and ATR-dependent checkpoint response pathways .
Mitotic entry is restored in cells lacking POT1 or TRF2 through CHK1 or CHK2 inhibition, respectively. Importantly, this occurs in U2OS cells with functional p53, suggesting that CHK1 and CHK2 act in a pathway independent of p53 in the G2/M response elicited by damaged telomeres. Importantly, our data indicate that CHK1 or CHK2 abrogation is less effective than p53 inhibition in suppressing the G2/M arrest triggered by uncapped telomeres. The average fraction of cells entering mitosis following TRF2 and p53 co-depletion relative to control GFP siRNA-treated cells was 1.19, while only 0.83 of the TRF2-and CHK2-deficient cells entered mitosis. The corresponding average mitotic fractions for POT1 co-depletion with p53 or CHK1 were 1.09 and 0.85, respectively. Thus, p53 is a more potent mediator of the G2/M arrest in response to uncapped telomeres than either of the two checkpoint kinases. This is most likely because p53 acts to repress CDK through two distinct mechanisms, p21 induction and transcriptional CDC25C downregulation, which enhance the p53 effect on mitotic entry. p53 and CHK1/CHK2 provide independent pathways to monitor telomere capping reactions during physiologically normal cell-cycle progression. Here, too, p53 is a more potent checkpoint mediator, possibly because it requires a lower threshold of telomere damage to become activated, compared to the CHK1-or CHK2-dependent response. This is reflected in the higher level of mitotic TIFs in p53-deficient cells, compared to cells lacking CHK1 or CHK2. Alternatively, spontaneous replication-associated telomere damage in cells lacking p53, in addition to incomplete postreplicative telomere capping, could account for the elevated TIF levels.
CDC25C downregulation promotes G2/M arrest in response to uncapped telomeres
Inhibiting expression of TRF2 or POT1 shelterin components generates telomere structural aberrations, which activate distinct chromosome integrity surveillance pathways. Here, we show that these pathways converge to lower the mitosispromoting activity of CDC2/cyclin B kinase and block mitotic entry. Degradation and/or inhibition of CDC25 phosphatase family members through CHK1 or CHK2 activation elicit cell-CDC25C downregulation through telomere uncapping M Thanasoula et al cycle arrest after exposure to DNA damaging agents Kastan and Bartek, 2004) . Our results suggest that regulation of CDC25 stability in response to uncapped telomeres depends on the type of telomere damage: POT1 depletion led to a decrease in both CDC25A and CDC25C levels, while TRF2 abrogation promoted only CDC25C destruction. Both effects are abolished by CHK1 or CHK2 inactivation, respectively, as well as by proteasome inhibition. This is in contrast to the G2/M response to IR-induced DSBs, in which CHK1-dependent destruction of CDC25A is sufficient to arrest cell-cycle progression (Falck et al, 2001; Sorensen et al, 2003; Melixetian et al, 2009) . Interestingly, both CDC25A and CDC25C expression levels were reduced in TRF2-depleted cells in S phase (Supplementary Figure S3D) , suggesting that distinct checkpoints are activated by telomere damage in S and G2/M. CDC25C expression was not affected by IR exposure in either S or G2/M ( Figure 5C ; Supplementary Figure S3D ; Xiao et al, 2003) . Thus, the response to uncapped telomeres during G2/M transition is clearly different from that elicited by unrepaired DSBs in that the former requires proteasome-dependent destruction of the cell-cycle regulator CDC25C.
One possible explanation for this intriguing result is that telomere damage signalling in G2/M is primarily channelled through CHK2, which controls CDC25C stability. While this hypothesis has not yet been experimentally validated, it was established that acute IR-induced damage is channelled through CHK1, which targets CDC25A for degradation. Consistent with this, CHK1 is essential for IR-dependent CDC25A turnover, while CHK2 is not generally required for this response (Jin et al, 2008) . Conversely, CHK2 may play a more important role than CHK1 in regulating CDC25C stability in response to telomere damage during G2/M transition. Supporting this concept is the robust CHK2 phosphorylation triggered by TRF2-depleted telomeres. This possibly reflects ATM activation caused by attrition of the 3 0 telomere overhang (Shiotani and Zou, 2009 ), a well-established consequence of TRF2 deficiency (Celli and de Lange, 2005) . Nevertheless, our results do not exclude the possibility that CDC25A degradation contributes to the early response to uncapped telomeres. To ascertain this, a robust experimental system to rapidly deplete TRF2 is required, which will enable accurate monitoring of CDC25A and CDC25C stability at early and late time points following induction of telomere damage.
Importantly, CDC25C Ser216 can be phosphorylated by CHK2 in vitro (Matsuoka et al, 1998) and we show that it promotes CDC25C cytoplasmic re-localization, ubiquitylation and proteasome degradation in response to uncapped telomeres. Ser216Ala mutant abrogates CDC25C cytoplasmic translocation and effectively restores mitotic entry in cells with uncapped telomeres. Moreover, CDC25C expression in response to TRF2 depletion is regulated at transcriptional level in p53-dependent manner. This supports the notion that telomere damage-activated G2/M checkpoint promotes CDC25C downregulation through at least two pathways. The contribution of CDC25A degradation to the G2/M arrest induced by POT1 depletion provides an additional layer of complexity to the mechanism of checkpoint activation by dysfunctional telomeres. As CDC25A and CDC25C can dephosphorylate and activate both CDK1 and CDK2, it is conceivable that multiple pathways regulate mitotic entry and their interplay is far more complex than previously appreciated. How these pathways interact and compete with each other to adjust the G2/M response to signals emanating from dysfunctional telomeres or other types of DNA damage remains to be determined.
Materials and methods
Cell lines, culture conditions and treatments U2OS, SAOS-2, WI38-VA13 and p53-proficient HCT116 (all obtained from Cancer Research UK Cell Services) were cultivated in monolayers in DMEM medium (Invitrogen) supplemented with antibiotics (penicillin and streptomycin; Sigma-Aldrich) and 10% fetal bovine serum (FBS, Invitrogen). g-Irradiation was carried out using a 137 Cs source at the dose indicated. Human cells were arrested in mitosis by addition of 0.1 mg/ml colcemid (Gibco) to the media, followed by 7-12 h incubation at 371C. ATM inhibitor Ku-55933 (R&D Chemicals; 10 mM), caffeine (Sigma-Aldrich; 5 mM), ATR inhibitor ETP-46464 (a gift from Dr Oscar Fernandez Capetillo; 5 mM), UCN-01 (Merck-Chemicals; 300 nM) and Gö6976 (Tocris Bioscience; 300 nM) were added to the media 4 h prior to collection of cells released from a double-thymidine block. MG132 (Calbiochem; 5 mM) was added to the media 3 h prior to collection of cells released from a double-thymidine block. siRNA U2OS cells were transfected using DharmaFect (Thermo Scientific). Briefly, 1.5-2 Â10 6 cells were reverse transfected in 10 cm plates, using 40 nM siRNA/plate and processed 48 h later. siRNA duplexes were 21 base pairs with 2-base deoxynucleotide overhang (Dharmacon Research). A GFP siRNA with the sequence GCTGACC CTGAAGTTCATCTT was used as a control. The sequence of human p53 siRNA was GCAUCUUAUCCGAGUGGAAUU , of TRF2 siRNA CAGAAGUGGACUGUAGAAGUU (Takai et al, 2003) , POT1 siRNA CAGGAGUACUAGAAGCCUA (siGENOME no. 18), CHK1 siRNAs were CAAGAUGUGUGGUACUUUA and CCACAU GUCCUGAUCAUAU (ON-TARGETplus, no. 10 and no. 12), CHK2 siRNAs (siGenome SMARTpool) were CUCAGGAACUCUAUUCUAU, AAACGCCGUCCUUUGAAUA, GCUAAAUCAUCCUUGCAUC, GAAA UUGCACUGUCACUAA and CDC25C siRNA against 5 0 untranslated region was GCCUUGAGUUGCAUAGAGAUU. The TRF2 esiRNA was from Mission esiRNA (HU-08111; Sigma). Two days after siRNA transfection, U2OS cells were either harvested by trypsinization and processed for immunoblotting, or treated with 0.1 mg/ml colcemid (Gibco), then harvested by trypsinization and processed for combined immunofluorescence (IF)-FISH, or treated with 2 mM thymidine for the cell synchronization protocol.
SAOS-2 and WI38-VA13 human cells were first treated with siRNA as above, then transfected 24 h later with p53-encoding DNA constructs (gift from Dr Xuan Liu, University of California; Shouse et al, 2008) using Lipofectamine (Invitrogen). Cells were collected 24 h after transfection and processed for western blotting, anti-phosphorylated histone H3-Ser 10 staining and FACS analysis.
Real-time RT-PCR
To determine POT1 mRNA levels following siRNA-mediated depletion, real-time RT-PCR using the Fast SYBR s Green Cells-to-CTt kit (Applied Biosystems) was performed 24 h after siRNA transfection. The primers used to amplify POT1 mRNA were TCAGATGTTATCTG TCAATCAGAACCT and TGTTGACATCTTTCTACCTCGTATAATGA and to amplify 18S: AGTCCCTGCCCTTTGTACACA and GATCCGAG GGCCTCACTAAAC. Real-time RT-PCR was also used to determine CDC25A and CDC25C mRNA levels in G2/M following siRNAmediated depletion of TRF2 and POT1. The primers used to amplify CDC25A mRNA were GCCTGTCACCAACCTGAC and CCAGGAGAA TCTAGACAGAAACC (Sarkar et al, 2010) and to amplify CDC25C: GAACAGGCCAAGACTGAAGC and GCCCCTGGTTAGAATCTTCC (Le Gac et al, 2006) .
Synchronization of human cells
Synchronization of U2OS cells was performed using a doublethymidine block. Briefly, exponentially growing cells were arrested by addition of thymidine (Sigma-Aldrich; 2 mM final concentration) to the media for 16 h, followed by two washes in PBS and release into fresh media for 10 h. Cells were then arrested a second time by addition of thymidine (2 mM) and 16 h incubation, then washed as above and released into fresh media. Samples were collected at the indicated time points for western blotting, anti-phosphorylated histone H3-Ser 10 staining and FACS analysis.
FACS analysis
Cells were harvested by trypsinization, washed in cold PBS and fixed in ice-cold 70% ethanol overnight at À 201C. Following one wash in PBS, cells were incubated with 5 mg/ml propidium iodide and 0.25 mg/ml RNase I (Sigma-Aldrich) in PBS. At least 10 000 cells were analysed by flow cytometry (Becton Dickinson). Data were processed using CellQuest (Becton Dickinson).
Anti-phosphorylated histone H3 staining Cells were harvested by trypsinization, washed once in cold PBS and fixed in 1% paraformaldehyde in PBS (pH 7.5-8) at 371C for 10 min. Following permeabilization in ice-cold 90% methanol, cells were washed in PBS twice and blocked in FACS incubation buffer (0.5% BSA in PBS) for 45 min at room temperature. Cells were stained with anti-phosphorylated histone H3-Ser 10 (Cell Signalling) antibody diluted 1:50 in FACS incubation buffer and FITCconjugated anti-mouse IgG antibody (Jackson ImmunoResearch) diluted 1:100 in FACS incubation buffer. Following one wash in PBS, cells were incubated with 5 mg/ml propidium iodide and 0.25 mg/ml RNase I (Sigma-Aldrich) in PBS. At least 10 000 cells were analysed by flow cytometry (Becton Dickinson). The rate of mitotic entry of cells transfected with control GFP siRNA (Supplementary Figure S5C) was similar between experiments. To facilitate comparison, we reported most of the results as fraction of phosphorylated histone H3-positive cells in samples treated with various siRNAs normalized to phosphorylated histone H3-positive cells in the GFP siRNA control cells, instead of absolute percentages of phosphorylated histone H3-positive cells in individual cell populations.
